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Abstract: One-pot deoxygenation of kraft lignin to aromatics and hydrocarbons of fuel-range quality
is a promising way to improve its added value. Since most of the commercially resourced kraft
lignins are impure (Na, S, K, Ca, etc., present as impurities), the effect of these impurities on the
deoxygenation activity of a catalyst is critical and was scrutinized in this study using a NiMoS/Al,O3
catalyst. The removal of impurities from the lignin indicated that they obstructed the depolymeriza-
tion. In addition, they deposited on the catalyst during depolymerization, of which the major element
was the alkali metal Na which existed in kraft lignin as NaS and single-site ionic Na*. Conditional
experiments have shown that at lower loadings of impurities on the catalyst, their promotor effect
was prevalent, and at their higher loadings, a poisoning effect. The number of moles of impurities,
their strength, and the synergism among the impurity elements on the catalyst were the major critical
factors responsible for the catalyst’s deactivation. The promotor effects of deposited impurities on
the catalyst, however, could counteract the negative effects of impurities on the depolymerization.

Keywords: lignin; kraft pulping; NiMoS catalyst; deoxygenation; deactivation; lignin pretreatment

1. Introduction

Lignin valorization can improve the economic viability of a lignocellulosic biorefinery.
Biofuel synthesis from industrial lignin streams (technical lignins) is a promising way to
address the fuel sustainability footprint and the economics of the pulp and paper indus-
tries [1-7]. For instance, approximately 75,000 tons of kraft lignin were produced globally
in 2015, and it is anticipated to surpass 250,000 tons by 2025 [8]. At present, most of the kraft
lignin produced is reintegrated back into the kraft pulping process as a combustion fuel
to generate the process energy. This leads to its low added value ($70-150 per ton) [8-10].
Depolymerization of lignins to monomeric oxygenates, such as phenols, can significantly
improve the lignin value addition (approximately $1300 per ton) [8,11]. Lignin depoly-
merization accompanied with hydrodeoxygenation (HDO) generates a product mixture
composed of aromatics and hydrocarbons suitable for fuel and fuel additives [1,3,6,12,13].

Catalytic hydrotreatment of lignin to monomers using solid catalysts is a widely imple-
mented method in lignin valorization [14-20]. One of the crucial factors that affect the life
of a catalyst in biomass processing is the purity of the feedstocks [5,21]. Contaminants in
the feedstocks can act as poisons to the active sites, gradually decreasing their activity and
selectivity during the time-on-stream. Once poisoned, many of the catalysts cannot be re-
generated, for instance, Ru/TiO, in the hydrogenation of sugars [22] and CoMoS/MgAl,O4
in the hydropyrolysis of biomass [23,24], necessitating the use of fresh catalysts, henceforth
affecting the economics of the entire process. The kraft process involving NaOH and NayS
reagents leaves the byproduct lignin with a substantial amount of impurities, such as Na
and S, along with the other inorganic impurities from the source wood (e.g., Si, K, Ca,
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and Fe) [25-27]. Hence, during the depolymerization and deoxygenation of kraft lignin
over solid catalysts, the above impurities (Na, S, K, Ca, Fe, etc.) are highly expected to
deteriorate the performance of the catalyst [5].

In most of the studies related to the catalytic valorization of lignin, much emphasis
has been given to the lignin depolymerization mechanism, the product analysis, and
the catalyst structure—activity correlations [15,17-20,28,29]. But for operation in industrial
applications, it is critical to also study the long-term stability, deactivation, and regeneration
of the catalysts. Especially since the feedstock is continuously fed to the catalyst, and the
catalyst undergoes occasional thermal regenerations to burn off the coke [5].

However, the performance of a typical HDO catalyst, such as NiMoS/AL, O3, in
consecutive kraft lignin HDO runs, especially after its thermal regeneration, to investigate
the deposition of impurities from the lignin to the catalyst, and the role of these impurities
on the catalytic activity has, to our knowledge, not been studied. This was the objective
of the current study. Herein, the effect of these inorganic impurity elements of kraft
lignin on the deoxygenation activity of a NiMoS/Al,Oj catalyst during subsequent runs
is reported. Elemental analysis of the kraft lignin showed significant amounts of the
above impurity elements. Recycle studies were performed with thermally regenerated
catalysts to verify the deposition of these impurities on the catalyst. To understand and
differentiate the extent of the negative effect of different impurities (Na, K, Ca, and Fe)
towards deoxygenation, catalysts containing different amounts of individual impurities
were used for the hydrotreatment. The correlation of the quantity and strength of impurities
on the product yield, deoxygenation activity, and solid residue amount was investigated.
Finally, to remove the impurities of the kraft lignin, the lignin was subjected to a dilute
acetic acid washing treatment. The pretreated lignin was characterized both elementally
and structurally. The product yield obtained over the pretreated lignin was compared with
the untreated lignin to reveal the benefits of the pretreatment.

2. Results and Discussion
2.1. Lignin Characterization

Kraft lignin was used as the feedstock for this study (Sigma Aldrich, product no:
370959, Supplementary Materials, Materials S1). The 2D heteronuclear single-quantum
coherence nuclear magnetic resonance (HSQC NMR) analysis of the lignin showed mainly
the presence of guaiacol units (G units), indicating that the lignin had a softwood origin.
Table 1 provides the elemental composition of the kraft lignin. A significant amount of S
(2.1 wt%), Na (0.93 wt%), Si (0.60 wt%), and K (0.11 wt%) was found in the lignin with
minor amounts of Ca, Mn, Fe, B, Mg, and Al (0.02-0.0018 wt%), and many more elements
were present at levels less than 0.0018 wt% (Table S2). The large contribution of Si in
lignin was most likely from the wood source [30,31]. The ash content of the lignin was
approximately 1.64 wt% according to the thermogravimetric analysis (Figure S2). Based
on the CHNS analysis, the C, H, N, and S contents of the lignin were 62.1, 5.8, 0.4, and
2.2 wt%, respectively, (C/H =10.6, C/S = 28.5).

2.2. Catalytic Activity during Hydrotreatment

Hydrotreatment of kraft lignin in the presence of the NiMoS/ Al,O3 catalyst produced
a colorless transparent liquid product (Figure 1B inset). The GC x GC analysis of this
product solution did not show any peaks indicative of oxygenates (Figure 1B, compare
Figure 1A for the classification of different compounds). The NiMoS/Al,Os is active for
the deoxygenation reaction under the chosen experimental conditions. Many cycloalkanes
(various substituted cyclohexanes), and deoxygenated aromatics (benzene and naphtha-
lene derivatives) were observed in the chromatogram (Figure S3 provides the product
identification). The yield of cycloalkanes and aromatics were 10.9 wt% and 0.76 wt%
respectively (Figure 2). The amount of solid residue generated after the reaction was
41.4 wt% (C/H =18.3, C/S =19.5). This amount is similar to that reported in the presence
of dodecane solvent [29]. An increase in the C/H ratio in the solid residue as compared to
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the feedstock kraft lignin indicates the formation of more recalcitrant C—C bonds through
condensation/polymerization during the depolymerization. A blank run without the
catalyst but only using kraft lignin generated 57 wt% of solid residue, and the product
mixture was entirely composed of oxygenates. Indeed, the catalyst was essential to reduce

the solid residue and to produce the targeted hydrocarbon products.

Table 1. Elemental analysis of the kraft lignin and the pretreated kraft lignin.

Elements 2 Kraft Lignin Pretreated Kraft Lignin
(ppm) (ppm)
S 21,000 9000
Na 9300 28
Si 6000 <100
K 1100 5
Ca 200 Vi
Mn 58 17
Fe 30 24
B 22 4
Mg 21 9
Al 18 125

2 Detected above 15 ppm in kraft lignin.

Figure 1. GC x GC chromatogram of reaction products: (A) classification of different compounds; (B) reaction over

NiMoS/ Al Oj3 catalyst; inset shows an image of the liquid product.
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Figure 2. Product yield and solid residue obtained over NiMoS/Al,O3 containing different amounts of Na.

2.3. Recycle Studies

Recycle studies on NiMoS/ Al,O3 were performed to establish the deposition of the in-
organic impurities from the lignin to the catalyst during the depolymerization. The carbon
deposition on the catalyst after a single run was 0.75 wt%, and the sulfur reduction was
1.5 wt%. Therefore, before the recycle runs, the catalyst was oxidized and freshly sulfided
(Supplementary Materials, Recycle experiments S6). Thermal activation/rejuvenation
of catalysts is a common practice in many industrial processes [5]. Two recycles were
done to achieve a significant deposition of the impurities on the catalyst. The elemental
analysis of the catalyst after its 2nd recycle (i.e., 3rd run) showed a significant amount of Na
(357 ppm), K (180 ppm), Ca (180 ppm), and Fe (183 ppm) (Table 2) on it. This confirms that
the impurities of kraft lignin were deposited on the catalyst during the depolymerization
thus changing its composition. The remaining quantity of impurities was found in the
solid residue (Table 2). One advantage of generating a small amount of solid residue
during the hydrotreatment of kraft lignins appears to be that the residue could minimize
the deposition of impurities on the catalysts. Moreover, the solid residue can be utilized
via the reforming reaction [32], in the synthesis of composite materials [33], and as a soil
conditioner [34], consequently improving its value addition. However, it is of course
important to minimize the solid residues in order to increase the bio-oil yield.
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Table 2. Elemental analysis of the NiMo/Al,Os catalyst before the hydrotreatment, after the 3rd run,
and the solid residue generated after the 3rd consecutive run.

El Fresh Catalyst After 3rd Run Solid Residue
ement
(ppm) (ppm) (ppm)
Ni 38,500 38,500 72
Mo 111,000 104,000 90
Na <50 357 15,400
Ca <50 180 600
K <30 180 1550
Fe 114 183 233
Si <200 <200 <500
Mn 10.5 154 96

The catalyst after its 3rd run was characterized to analyze the morphological changes
that occurred during the recycle experiments. The Ni, Mo, and S distribution on the catalyst
after the 3rd run was found to be fairly uniform as that of the fresh catalyst (Figure 3).
The Mo concentration was quite similar, but slightly lower after three runs, which could
indicate a small amount of leaching, but it could also be within the accuracy of the ICP
measurement. The average MoS, slab length increased from approximately 5.4 nm in the
fresh catalyst to 16.9 nm after its 3rd run. Likewise, the average number of MoS, slabs (the
thickness) increased from approximately 2.7 to 13.2. This could be attributed to the repeated
thermal treatments, the deposition of impurities on the catalyst, and the redistribution of
the active components on the catalyst during the hydrotreatment. In essence, the MoS,
dispersion on the support decreased which was likely to reduce the activity of the catalyst.

Figure 3. HRTEM images showing the MoS, fringes and the elemental distribution of NiMoS/Al,O3: (a) fresh and (b) after

the 3rd consecutive run.

However, the GC x GC analysis of the liquid product generated after the 3rd run
of the catalyst did not show any oxygenates (chromatogram, Figure S4). In addition, the
yields of cycloalkanes and aromatics were higher than the first run. The cycloalkanes yield
increased to 16.7 wt% from its 1st run (10.9 wt%), and the aromatics yield increased to
1.8 wt% from 0.76 wt% (Figure 2). This catalytic behavior is most likely then attributable
to the change in the composition of the catalyst, i.e., due to the positive effect of the
impurities (approximately 0.09 wt% in total on the catalyst, from Table 2); however, the
contribution from other structural/electronic properties of the catalyst arising from the
repeated thermal treatments could not be completely ruled out. On the other hand, the
solid residue generated (42.8 wt%) after the 3rd run was 1.4 wt% higher than from its 1st
run (Figure 2), indicating that the impurities, if accountable, may have a minor negative
effect on lignin conversion to liquid products.
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To validate the positive and negative effects of the impurity elements (compositional
effects), more importantly, their individual effects, on the activity of a thermally regener-
ated catalyst, conditional experiments were performed with catalysts containing different
amounts of individual impurity elements.

2.4. Effect of the Amount of Na on the Activity of NiMoS/Al,O3 Catalyst

The major inorganic impurity element, apart from S, that existed in the kraft lignin
is the alkali metal Na (0.93 wt%, Table 1). The amount of the next dominant impurity
elements such as K, Ca, and Fe were 8.5, 46.5, and 310 times lower than Na. Consequently,
Na can be considered as the first element that could influence the deoxygenation activity
of the catalyst. The Na was the dominant impurity element deposited on the catalyst after
its 3rd run too (Table 2). To study the effect of the amount of Na on the activity of the
NiMoS/Al, O3, catalysts containing 1-5 wt% of Na (Supplementary Materials, Catalyst
synthesis 52) were used for the hydrotreatment.

Over the 1INa-NiMoS/ Al,O3 (contains 1 wt% of Na) catalyst, the yield of cycloalkanes
and aromatics were 20.3 wt% and 1.1 wt%, respectively (Figure 2). It was almost 9.4 wt%
and 0.4 wt%, respectively, higher than that obtained over the catalyst without any Na
(NiMoS/Al;O3). This confirms that Na can increase the deoxygenation performance of
the catalyst. The Na appears to act as a promotor for the NiMoS/Al,O5 catalyst. The
positive effect of alkali elements on the activity of MoS; based catalysts is known in the
literature [35]. The performance of the 3rd run catalyst (contains a total of approximately
0.09 wt% impurities, from Table 2) falls in between NiMoS/Al,O3 and 1Na-NiMoS/Al,O3
(Figure 2).

An increase in the amount of Na on the catalyst to 1.8 wt% from 1 wt% (1.8Na-
NiMoS/Al,O3) decreased the cycloalkanes and aromatics yields to 16.1 wt% and 0.82 wt%,
respectively (Figure 2), but, still, the liquid product yields were better than for the
NiMoS/Al,O3 alone. The promotor effect of Na appeared to be high when present in
<1wt% on the catalyst.

A further increase in the amount of Na on the catalyst to 2.5 wt% (2.5Na-NiMoS/Al,O3)
decreased the cycloalkanes and aromatics yield to 13.3 wt% and 0.46 wt%, respectively
(Figure 2). Yet, the catalyst’s performance was better than the NiMoS/Al,O3 alone when
considering the cycloalkanes and aromatics yields, but its performance was not better
considering the overall product yield. Moreover, with this amount of Na on the catalyst,
oxygenates started to remain in the product mixture (0.4 wt% in yield) (chromatogram,
Figure S5). A higher amount of Na (1.8 wt%) on the catalyst decreased the deoxygenation
activity of the catalyst.

An additional increase in the Na amount to 5 wt% on the catalyst (5Na-NiMoS/Al,O3)
significantly reduced the cycloalkanes yield to merely 1.7 wt% and the aromatics yield to
0.13 wt% (Figure 2). In contrast, the oxygenates yield increased to 2.2 wt%.

The effect of the amount of Na on the product yield follows a volcanic correlation
with its amount. The promotional effect of Na was observed at its lower amounts (<1wt%),
above which poisoning effects were initiated.

On the other hand, the solid residues generated after the hydrotreatments increased
with an increase in the amount of Na on the catalyst (Figure 2). It was 42.7 wt% over the
1Na-NiMoS/Al, O3 catalyst (compared to 41.1 wt% in the case of fresh NiMoS/Al,O3),
while it increased to 63.5 wt% over the 5Na-NiMoS/ Al, O3 catalyst. A higher amount of
Na on the catalyst increased the solid residue formation rate, hence, validating the positive
and negative effects of the Na impurity.

2.5. Effect of Other Impurities on the Activity of NiMoS/Al,O3

The 2.5 wt% was the minimum amount of Na on NiMoS/Al,Oj3 that resulted in
the retention of oxygenates in the product mixture. To compare the effect of Na, K, Ca,
and Fe on the activity of the catalyst, NiMoS/Al,O3 containing 2.5 wt% of individual
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impurities (2.5K-NiMoS/Al,O3, 2.5Ca-NiMoS/ Al, O3, and 2.5Fe-NiMoS/ Al,O3) were
used for the hydrotreatment.

Over the 2.5K-NiMoS/ Al,Oj3 catalyst, a higher yield of cycloalkanes and aromatics,
14.4 wt% and 0.80 wt%, respectively, as compared to 2.5Na-NiMoS/Al,O3; was obtained
(Figure 4). These yields were 1.1 wt% and 0.34 wt% higher than the 2.5Na-NiMoS/Al,O3
catalyst. The 2.5Ca-NiMoS/Al,O3 catalyst also showed an increase in cycloalkanes and
aromatics yields (an increase of 4.8 wt% and 0.84 wt%, respectively, for cycloalkanes and
aromatics) as compared to 2.5Na-NiMoS/Al,O5 (Figure 4). The 2.5Fe-NiMoS/Al,O3
catalyst likewise gave a 5.5 wt% increase in cycloalkanes yield and 1.1 wt% increase in
aromatics yield as compared to the 2.5Na-NiMoS/ Al,Oj catalyst. These yields were higher
than the catalyst without any impurities (NiMoS/ Al,Os3), further confirming the promotor
effect of K, Ca, and Fe. No oxygenates were retained in the product mixture with these
catalysts containing impurities. These elements (K, Ca, and Fe), when present at the same
amount (2.5 wt%) as Na, turned out to be promoters rather than poisons.

| Aromatics Polycycloalkanes -100

| Oxygenates —%—Solid residue

Cycloalkanes |
Polyaromatics ;

Solid residue (wt%)

Figure 4. Comparison of activity of NiMoS/Al,Oj catalysts containing different impurities.

The solid residue generated over these catalysts were 45.7 wt%, 43.0 wt%, and
44.2 wt%, respectively, for K, Ca, and Fe, significantly lower than the 2.5 wt% of the Na-
containing catalyst (58.3 wt%) (Figure 4), but only marginally higher than for NiMoS/Al,O3
alone (41.1 wt%). Theoretically, the lignin amount that would deposit 2.5 wt% Na on the
catalyst would result in only the deposition of 0.286 wt% of K, 0.052 wt% of Ca, and
0.0078 wt% of Fe on the catalyst (Table 1). The increase in the product yield and solid
residue after the 3rd run of the catalyst was therefore due to the lower amount of deposition
of impurities on it. The lower amount facilitated their promoting role on the catalyst.
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Apart from the amount (mass), the molar amount of impurity elements could also
be a contributing factor to the deactivation of the catalyst. The molar masses of K, Ca,
and Fe were higher than Na. Hence, the number of moles present on the catalyst at their
equal wt% (2.5 wt%) followed the order Na > K > Ca > Fe. We, therefore, examined
an equal number of moles of K (4.3K-NiMoS/ Al,O3) as compared to 2.5 wt% of Na on
the catalyst. The 4.3K-NiMoS/Al,Os3 catalyst gave only 9.9 wt% yields to cycloalkanes
(Figure 4), which was 3.4 wt% lower than that obtained over the catalyst containing the
same number of moles of Na (2.5Na-NiMoS/Al,O3). The aromatics yield was almost the
same, 0.5 wt%. Moreover, the catalyst gave a 1.6 wt% yield to oxygenates, was almost
1.2 wt% higher than the 2.5Na-NiMoS/Al, O3 catalyst. Thus, the K impurity had a much
stronger negative effect on the deoxygenation activity of the catalyst than Na. In addition,
similar to the Na, an increase in the amount of the K on the catalyst decreased the lignin
product yield (Figure 4, compared to 2.5K-NiMoS/Al,O3 and 4.3K-NiMoS/Al;O3). At
a lower amount of K, its promotor effect was more dominating than its poisoning effect.
Hence, the 180 ppm of K deposited on the catalyst after its 3rd run (Table 2) will likely have
a promotor effect rather than a poisoning effect. This study also indicates that the number
of moles of impurity elements on the lignin is also important apart from their amount
(wt%) in deactivating the catalyst. Since Na was the lowest molecular weight impurity
element present in a higher amount in our feedstock (the highest number of moles), it will
be the first element that will be initiating the promotional and eventual deactivation effects
on the catalyst.

The synergism among different impurity elements on the activity of the catalyst can
also be a contributing factor. This was studied by taking a single NiMoS/Al,Oj3 catalyst
containing 1.8 wt% of Na, 0.22 wt% of K, 0.04 wt% of Ca, and 0.01 wt% of Fe, designated
as NaKCaFe-NiMoS/ Al,O3. These amounts (a total of 2.07 wt%) were derived based on
the assumption of the complete conversion of the lignin without any formation of the
solid residue in a single run. The cylcoalkanes yield obtained over this catalyst was only
3.5 wt%, and the aromatics yield was 0.37 wt% (Figure 4). These yields are significantly
lower than that of the catalyst containing only 2.5 wt% of Na (2.5Na-NiMoS/Al,Oz3),
implying that, when all of these impurity elements are present together on the catalyst, the
deactivation is much faster. Therefore, apart from the amount and number of moles of the
impurity elements, the synergism between them is also responsible for the deactivation
of the catalyst. The higher activity of the 3rd run catalyst, when all these elements were
present indicates that, at their lower amount (Table 2), they act as promotors. The solid
residue obtained over the NaKCaFe-NiMoS/Al,O3 was 50.1 wt%, higher than any of the
individual catalysts or the catalyst after the 3rd run.

The most efficient way for lignin valorization is not to generate any solid lignin residue.
Based on the above observations, at our experimental conditions, assuming that no solid
residue was generated during the hydrotreatment, the catalyst would very likely deactivate
after a single run. In NiMoS/ Al,O3-based catalytic systems, the extent of deactivation will
depend on the amount of solid residue generated (depends on the experimental conditions)
and on the lignin-to-catalyst ratio.

Since the composition of inorganic elements in lignin varies based on the wood source,
the pulping process, and the lignin extraction method, this study laid out an overall
depiction of the effect of impurities on the deoxygenation activity of a NiMoS/Al,O3
catalyst, and the potential promotors for the catalyst when impurity-free lignins are used
as the feedstocks.

2.6. The Chemical Nature of Na in Kraft Lignin

Since Na was the major impurity element present in the lignin, 2Na MAS NMR
analysis on kraft lignin was performed to understand its chemical nature. The NMR
spectrum shown in Figure 5 has two signals, one sharp signal at —0.796 ppm and a
broad signal at —7.75 ppm. The broad signal at —7.75 ppm with no quadrupolar pattern
indicates the absence of well-crystallized Na [36]. Hence, this signal can arise from a
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situation where the Na™ ions are not present in a well-defined crystalline structure or, more
specifically, as a one-site ionic form similar to that observed in dehydrated Na-zeolites [37]
and Na exchanged sulfonated polystyrenes [38]. The isotropic line shape close to 0 ppm
(at —0.796 ppm) was due to Na in a cubic symmetry. Since NayS has a cubic crystal
structure, the NaOH crystals are of orthorhombic symmetry, and the Na;SOy crystals are
of orthorhombic (anhydrous) and monoclinic (hydrated) symmetries, this signal can be
assigned to the residual NayS left on the lignin from the kraft pulping process.

— =0.796
-7.751

~ N
P NN IAAS AN AN AT NSNS VA A A N VAVSUUY /-_/ M \if\_wn/wv AAAAA AN AN

50 0 - 50 [ppm]
Figure 5. 2Na MAS NMR spectrum of kraft lignin.

It is thus possible to remove the majority of Na* ions by simple ion exchange with
protic acids. The acid treatment could also be helpful to remove the residual NayS on
the lignin.

2.7. Pretreatment of Kraft Lignin

It is essential to remove the impurities from the lignin to improve the stability of
the catalyst for hydrotreatments involving multiple runs where the catalyst undergoes
regeneration treatments, or with the continuous feeding of the feedstock. Acid washing is
a widely followed method used for lignin purification. In general, any further treatment of
lignin is likely to modify its structure, especially the aggravation of condensation reactions
to generate more recalcitrant C-C bonds [39,40]. In this study, a very dilute acetic acid
solution (5 vol%) was used as the leaching medium in a batch process [39,40]. Acetic
acid is sustainable, as it is produced during the pyrolysis of lignocellulosic biomass [41].
The pretreatment temperature was set at 85 °C and the pretreatment time was for 1 h
(Supplementary Materials, Pretreatment of kraft lignin S8). The condensation of lignin
during acetic acid treatment in a batch process is somewhat unavoidable (vide infra).

2.7.1. Characterization of Pretreated Lignin

Table 1 shows the elemental analysis of the pretreated kraft lignin after the pretreat-
ment. Most of the inorganic impurities were removed to low levels. For instance, the Na
content decreased from 9300 ppm in the fresh lignin to merely 28 ppm in the pretreated
lignin. The number of other impurities, such as K and Ca, decreased to minor levels of
5 and 7 ppm, respectively (Table S3 provides the concentrations of all the elements). The
C, H, N, and S contributions of the lignin were 64.7, 6.3, 0.06, and 1.3 wt%, respectively.
As compared to the untreated kraft lignin, the C/H ratio of pretreated kraft lignin only
marginally decreased from 10.6 to 10.3. However, the C/S ratio showed a large difference.

It increased to 50.7 from 28.5 after the pretreatment due to the sulfur removal, possibly
via the Na,S. The 2D HSQC NMR analysis of the fresh and pretreated lignin indicated an
increase in the contribution of C—C bonds after the pretreatment (Figures S6 and S7). For
example, the integral ratio of -OMe to aromatic signals (G, + Gs + Gg) was increased from
0.65 for untreated lignin to 1.57 for pretreated lignin. The higher ratio in pretreated lignin
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indicates that the Cy, Cs5, and Cg of G,, Gs, and G¢ units underwent condensation reactions
by sacrificing their Cy, Cs, and Cg hydrogen atoms. In essence, the acid pretreatment was
efficient in removing the impurities of kraft lignin, but it modified the lignin structure.

2.7.2. Hydrotreatment of Pretreated Lignin

Hydrotreatment of the pretreated kraft lignin over the NiMoS/ Al,Oj3 catalyst resulted
in an overall increase in the product yields (Figure 6). Especially, the cycloalkanes yield
increased to 19.7 wt%, almost an 8.8 wt% increase as compared to the untreated lignin.
Similarly, the aromatics yield also increased to 1.8 wt% (a 1.1 wt% increase as compared to
the aromatics yield from the untreated lignin). These results point out that the impurities
themselves have different roles (in the presence of the catalyst) when present in the lignin
and when present on the catalyst. When they are absent in the lignin, such as the pretreated
lignin in the present study, their negative role vanishes, and the catalyst’s performance
dominates. In contrast, when they are present in the lignin (the untreated kraft lignin), their
effect perhaps dominates the catalytic effects. For instance, the K impurity from beech wood
was found to catalyze the polymerization reaction during the hydroprocessing [24]. Since
these impurities are in direct contact with or coordinated to (Figure 5) the lignin, during the
depolymerization, their effect on the lignin would be stronger than the catalyst’s effect on
the depolymerized oligomers. This dominant effect can be overcome either by increasing
the catalyst amount or by using a more active catalyst, such as the promoted catalysts in the
present study (i.e., 1Na-NiMoS/Al;O3, 2.5(K, Ca, or Fe)-NiMoS/ Al,O3). For instance, the
same product yield from pretreated lignin can also be obtained from the untreated lignin
by using the promoted 1Na-NiMoS/Al,Os catalyst (compare Figures 4 and 6). However,
during catalyst recycle/continuous runs, additional impurities will be deposited on the
promoted catalyst. Thermal reactivation of the catalysts before the next run can change
their electronic effects (synergism) and distribution on the catalyst, aggravating their
poisoning effects. Hence, there is a limit to fine-tuning the activity of the catalysts by
promoting when using untreated lignin. In contrast, lignin pretreatment has the benefits
of avoiding the negative effects of impurities on depolymerization and the longer-term
negative effects with high deposition on the catalyst. The net effect is longer catalyst life
and higher product yield.

:{ Cycloalkanes Aromatics Polyquoalkanes - 100

30 Polyaromatics == Solid residue
25 - 180
S
20 - {60 £
)
=
15 4 E:
- 40 =
10 - 2
- 20
5 -
0 0

I ® I
Untreated lignin Pretreated lignin

Figure 6. Product yield and solid residue obtained with untreated and pretreated lignins over the NiMoS/Al,O3 catalyst.
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The solid residue generated after the reaction was 46.8 wt% (C/H = 15.6 and C/S = 38.9),
which was almost 5.4 wt% higher than the untreated lignin. This increase can be corre-
lated to the increase in the C—C bond fraction of the lignin that occurred during the acid
pretreatment. The gain in product yield outweighs the increase in solid residue amount.

Based on the previous observations, it can be presumed that the yield of cycloalkanes
and aromatics from pretreated lignin could be further improved by using Na—, K-, Ca-,
or Fe-NiMoS/ Al,O3 catalysts where the amount of Na, K, Ca, and Fe are only in their
promotor levels.

3. Experimental

Scheme 1 shows the lignin hydrotreatment and the workup procedure. The NiMoS/
Al,O3 was selected as the representative catalyst, as the kraft lignin contained a significant
amount of sulfur impurity from the kraft process; hence, it can avoid the use of an additional
sulfiding agent during the hydrotreatment, and the NiMoS is well-known industrially as
a cost-effective and sulfur tolerant hydrotreatment catalyst [23,24,29]. The catalyst was
synthesized by the incipient wetness impregnation method (Supplementary Materials,
Catalyst synthesis S2) The elemental analysis showed 3.85 wt% of Ni and 11.1 wt% of Mo
on the Al,O3 support. The catalyst was sulfided before the hydrotreatment using dimethyl
disulfide (CH3SSCH3) (Supplementary Materials, Catalytic lignin depolymerization S5).

Kraft lignin + Catalyst
+ Hexadecane

45 bar H,, 345°C, 8 h.

Liquid product

Parr reactor |=——>
(GC x GC-MS)

Filtration
Acetone wash

Solid residue + Catalyst

Scheme 1. Lignin hydrotreatment and workup procedure.

The hydrotreatment was carried out in hexadecane (C1¢Hay) solvent at a set standard
experimental condition of 345 °C, 45 bar of H; for 8 h (Supplementary Materials, Catalytic
lignin depolymerization S5) The main challenge with a long-chain hydrocarbon solvent
when using a NiMoS/ Al,O3 catalyst is to minimize the solid residue formation (a repoly-
merized form of lignin/char that was not converted to liquid products, and the residual
lignin) [29]. In general, the amount of solid residue could be reduced or avoided by using
oxygen-containing solvents (alcohols acting as capping agents) [18] and hydrogen donor
solvents [29]. It is highly desirable to have a solvent without any oxygen moieties for
the deoxygenation reaction itself since the solvent otherwise could consume hydrogen.
For instance, when dodecane was used as the solvent, Joffres et al. [29] found almost
45 wt% of solid residue formation. In comparison, it was reduced to <8 wt% when tetralin
was used as the solvent. In this study, we decided to perform our experiments solely in
hexadecane solvent as it gave better separation from oxygenates in our product analysis.
Moreover, like dodecane, it could also be sustainably produced by the deoxygenation of
vegetable oils [42—44], and intermediate hydrocarbon products like vacuum gas oils are
readily available in existing fuel refining processes [45,46].
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The reaction products after the hydrotreatment were subjected to filtration to separate
the liquid products from the solids (catalyst + solid residue). The liquid product mixtures
of the hydrotreatment experiments were analyzed via a GC x GC MS instrument (Supple-
mentary Materials, Product analysis S7). A typical chromatogram is shown in Figure 1A.
The chromatogram has five distinctive regions representing cycloalkanes, aromatics, oxy-
genates, polycyclic hydrocarbons, and polyaromatics. For discussing the deoxygenation
activity of the catalysts, mainly the yields of monomeric cycloalkanes, aromatics, and
oxygenates (oxygenates undergo deoxygenation to aromatics and cycloalkanes; Figure S1
provides the tentative lignin depolymerization pathway to aromatics and cycloalkanes)
were considered. The solids after the filtration were washed with anhydrous acetone to
remove the residual hexadecane. The solids were then dried. Subtracting the catalyst’s
weight from the total weight of solids provides the weight of solid residue generated after
the hydrotreatment (Supplementary Materials, Catalytic lignin depolymerization S5 and
product analysis S7).

The liquid product after the depolymerization also contains GC x GC undetectable
components in the form of higher molecular weight oligomeric products that can be soluble
lignin fragments or repolymerization products [29]. Likewise, the solid residue can be a
mixture of unconverted lignin, lignin fragments, condensation/repolymerization products
that may be char-like compounds, and the inorganic impurities [29].

4. Conclusions

In this study, the role of inorganic impurities of kraft lignin on the deoxygenation
activity of a NiMoS/Al,Os catalyst and on the depolymerization itself was investigated. At
first, it was established through recycle runs that during depolymerization, the impurities of
kraft lignin were deposited on the catalyst, changing its composition. The recycled catalyst
after its thermal regeneration gave a better product yield than the fresh catalyst, indicating
that the impurities had a positive role during the catalysis. Conditional experiments with
individual impurity elements (i.e., Na, K, Ca, and Fe) confirmed that, at their lower loading,
they acted as promotors, but at their higher loading, their poisoning effect was dominant.
Since the recycled catalyst had undergone thermal regeneration at the same calcination
temperature of the conditional catalysts, the observations of conditional experiments could,
to a large extent, be translated to the recycled catalyst’s performance. Regardless of their
amount, the impurity elements increased the solid residue formation rate. Comparative
studies with catalysts containing an equal number of moles of Na and K have shown that
the latter is stronger than the former in deactivating the catalyst. However, the synergistic
effects of the impurity elements in deactivating the catalyst when present at higher amounts
was much stronger and was the crucial factor determining the stability of the catalyst in
multiple runs or time-on-stream. 2Na MAS NMR analysis showed that the Na in kraft
lignin existed in a single-site cationic form and as residual Na;S. To increase the catalyst life,
kraft lignin was subjected to a dilute acetic acid washing pretreatment to remove a large
amount of Na and other impurities. The pretreatment showed high efficiency in removing
the impurities to insignificant levels. The product yield obtained with the pretreated lignin
was higher than the untreated lignin, revealing different roles of impurities when present
in the lignin and deposited on the catalyst. During depolymerization, their negative
effect dominated the catalytic effect. However, a promoted catalyst can overcome the
effect of the impurities on the depolymerization leading to an improved product yield.
Nevertheless, the lignin pretreatment is likely the better method to improve both catalyst
life and product yield.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ catal11080874/s1, S1: Materials; S2: Catalyst synthesis; S3: Catalyst characterization; S4: Lignin
and solid residue characterization; S5: Catalytic lignin depolymerization; S6: Recycle experiments;
S7: Product analysis; S8: Pretreatment of kraft lignin; Table S1: Response factors of calibration
compounds, Table S2: Complete elemental analysis of kraft lignin; Table S3: Complete elemental
analysis of pretreated kraft lignin; Figure S1: Tentative reaction pathway of lignin depolymerization.
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Figure S2: TGA /DSC analysis of kraft lignin; Figure S3: Products identification of reaction product
obtained over NiMoS/Al,O3; Figure S4: Chromatogram of the reaction product obtained after the
3rd run of catalyst; Figure S5: Chromatogram of the reaction product obtained over 2.5wt%Na—
NiMoS/ Al,O3; Figure S6: 'H NMR spectra of the kraft lignin and pretreated kraft lignin in DMSO-dg;
Figure S7: 2D HSQC NMR spectra of (A) and (B) kraft lignin, and (C) and (D) pretreated kraft lignin.
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